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Why study the top quark??

- Heaviest SM particle (172.5 GeV) < t
+ Role In vacuum stabllity, Higgs sector My =i V/\/E f
- Background to exotic searches, Higgs measurements = I

: : t J 07010] f
+ Decays before hadronisation q>4\V/V\+/< q >ogo_o_q< t {
+ We can study a ‘bare’ quark e ; X

- Allows precision QCD measurements 7

- Window Into new physics

- Same magnitude as ¢ vev (v = 246 GeV) X
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Status

LHC Run 2 @ 13 TeV is going very well

400
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130 tb-1 delivered to date, 3.2 tb1 In 2015,
36.1 fbo-1 recorded by ATLAS in 2015+16

Recorded Luminosity [pb™/0.1]

Approximately 1 tt pair produced each second ~ § .
sof
Very active area of ATLAS’s research programme -

Precision measurements now reaching <1% uncertainty

Critical feedback for next-gen MC generators
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Useful for theorists: contraining EFTs, gluon PDF for large x, NNLO corrections
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ATLAS top physics programme

ATLAS has a rich top physics research programme — link to public results

tt, tt+X: differential cross sections in many variables, many 2D differential results
Unfolding to both particle and parton levels
Single top, t+X

Top quark mass and properties

Advanced analysis techniques used throughout
for Increasingly precise measurements

So much | could talk about. This talk gives an overview of each area, focuses on my
tavedrte some specific analyses, with emphasis on analysis methods
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tt cross sections — motivation

+  Cross sections are measured differentially

- Theoretical motivation: constraining EFIs, gluon
PDF at high X, test predictions at highest precision

- tt(+X) Is highly sensitive to BSM physics

Major background to SM (e.g. ttH), exotic, SUSY
searches

- Top modelling / MC tuning

+Top pr1 has been poorly described by some generators

A range of final states separate our analyses
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Top Pair Branching Fractions

"dileptons”™

etjets 15%

“alljets™ 46%

tt+jets 15%

u+jets 15%
"lepton+jets”
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tt cross sections — analysis channels

+Jop quark decays t—=WDb

Dilepton: 2 of these All-Hadronic: 2 of these

Reconstruct tt system with neutrino weighting Reduce combinatorics by targeting boosted

Lepton—+Jets Resolved Lepton+Jets Boosted

Utilise both reconstruction techniques in same paper
Unfold also in bins of Njgts (resolved only)

Diagrams courtesy M. Fenton
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tt cross sections — summary

: do 1 —1 racc reco
+ Al analyses share common unfolding x =T AXi.GiZMijlfj (Nj —kag)
J

strategy to fiducial volume at particle level

All truth events

Ei

- Some also unfold to parton level '“
- 2D unfolding increasingly possible

+ Systematics dominate uncertainties: top modelling (matrix element, parton
shower), jet energy scale/resolution
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tt all-hadronic differential cross sections — event selection

pr > 350 GeV
n| < 2.0
m = 172.5 == 50 GeV

pr > 500 GeV
>t « D
In| < 2.0 f 1\

m = 172.5 = 50 GeV

t

AR (ljet, bjet) < 1.0

0@0

e — 0 leptons, > 2 top-tag

+ Multijet background suppressed by top tagging algorithm: uses jet mass and Ta
(orefers 3-pronged jets) (Link to top tagaing note) — See Emma’s talk!

- Both large-R jets contain an associated small-R b-tagged jet

 Remaining background estimated using ABCD method with 16 regions
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tt all-hadronic differential cross sections — results

. Link to paper: arXiv:1801.02052
- Particle level leading top prand |rapidity]
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tt all-hadronic differential cross sections — results

+ Link to paper: arXiv:1801.02052
- Particle level tt system prand invariant mass
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tt+bb — strategy

tt + b-jets challenges QCD calculations with the heavy b quark

tt+bb is a large background (and dominant systematic) for ttH(H—bb). Only
modelled to NLO by generators. Let’s measure it.

Link to note, 36.1 fb-1 @ 13 TeV, dilepton/l+jets channels

Data-driven template fit to derive correction factors for flavour composition for tt+X

Result: differential cross sections as functions of kinematic variables of b-jet pairs

Min AR(b,b): expected to be from gluon splitting - L L v
N b
Highest pt: dominated by top pair production LN /
\
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tt+bb — Inclusive fiducial cross section results

Generally exceed NLO predictions, but compatible within uncertainties

lepton+jets ( = 3b)

ATLAS Preliminary

VS =13 TeV, 36.1 fb~1

lepton+jets (= 4Db) e 2
eu( =3b) e ]
) Data - ttH/V @
Stat. uncert.
W Total uncert.
eu( = 4b) | "o o
— Sherpa 2.2 ttbb =&
10 10° 10> 10
Ofig [fD]
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tt+bb — differential cross section results

- Systematic modelling uncertainties dominate the experimental ones
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PDF fits

Goal: fit ATLAS W, Z/¥" cross sections LINK to note
(7 TeV), tt pr+mu+yw distributions (8 % ATLAS Preliminary - 0 = 10 Gev’ -
TeV), HERA e=p DIS data to produce | |
new PDF set ATLASepWZtop18 "1 T et O ‘_

B experimental
] model XUy
I parameterisation

Use full correlation information to 08 /7 —
perform simultaneous fit — INncreases |

impact of tt data 04 _
After including tt data gluon PDF is 02| :

slightly harder, lower uncertainty at
high X
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PDF fits

. Goal: fit ATLAS W, Z/y" cross sections iy Link 10 note
s . EO L L B LA
(7 TeV), tt pr+rmu+yw distributions (8 ~ P Q*=10 GeV> -
TeV), HERA e*p DIS data to produce 12— ATLASpWZwopls
new PDF set ATLAS@DWZJ[O[H S 10 - uncertainties; E
B ] flyli(l))c(legllmental ]
| | | S & p%a?eterisation —
Use full correlation information to 6 " — P
perform simultaneous fit — INcreases 4
impact of tt data 2 -
0!
- After including tt data gluon PDF is 5
slightly harder, lower uncertainty at 0
high X
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Single top — motivation
Direct determination of tWb vertex
Measurement of CKM matrix element magnitude |Viy|
- tWb anomalous couplings — sensitive to BSM physics

+ Single top interferes with tt at higher orders of as

Adam Bozson <adam.bozson@cern.ch> HEPMAD 18
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W — strategy
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tWW — results
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t/ — strategy

- 36.1 b7 @ 13 TeV, Link to paper
» Inclusive cross section measurement

- tZq final state with 3 leptons + 2 jets (1 b-tag)
- Backgrounds: WZ/ZZ, tt, Z+jets
+ Neural network discriminant

Variables used as input to the neural network, ordered by their separation power.

Variable Definition

nQ()] Absolute value of untagged jet n

pt() Untagged jet pr

me Reconstructed top-quark mass

pr(¢") pt of the lepton from the W-boson decay

AR(, Z) AR between the untagged jet and the Z boson

mr (¢, E%‘iss) Transverse mass of W boson

p(t) Reconstructed top-quark prt

pr(b) Tagged jet pr

p1(2) pt of the reconstructed Z boson

In(eW)| Absolute value of n of the lepton coming from the W-boson
decay

Adam Bozson <adam.bozson@cern.ch> HEPMAD 18
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t/ — results

| i ikeli A Post-fit | network output
Binned Poisson likelihood maximised to ost-iit neural network outpu
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Top quark properties

- Colour flow: link

- Charge asymmetry: link

- Gombination of ATLAS and CMS reults from 7 and 8 TeV 2

+ Result consistent with SM (no charge asymmetry)

- Width: [ink

- 20217 @ 8 TeV

- Template fit mp and ARmin(jb,j)
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=:=: QCD NNLO (+ EW NLO), arXiv:1711.03945 stat total

ATLAS, lepton+jets H .;

Eur. Phys. J. C 76 (2016) 87,
L,,=20.3fb"

CMS, lepton+jets ——e
Phys. Rev. D 93 (2016) 034014,
L,=19.6fb"

ATLAS+CMS
LHCtopWG

I ] ] I ] ] ]

H 0.0090 = 0.0044 = 0.0025

0.0033 = 0.0026 + 0.0033

0.0055 + 0.0023 = 0.0025

[ I [
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001 0 001 0.
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Spin correlation — strategy

+ The SM predicts top quark and anti-quark spins to be correlated in tt
pairs

- Spin information Is carried by the top quark decay products, particularly
accessible in charged leptons

Measure unfolded [Ad| differential cross section in dileptonic channel

+ Sensitive to BSM physics: SUSY stops, used for EFT fits (chromo-EM)

- 1t system reconstructed using neutrino weighting method: assumes on-
shell tops and W bosons to solve for neutrino 4-momenta
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Spin correlation —
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0.2 0.4 .
Parton-level A (/*, I7)/mt[rad/n]

0.6

0.8

- Link 10 note

- Maximum-likelihood fit to

determine fgwm

n; = famMspin + (1 = fam) Mno spin

Region fsm Significance (incl. theory uncertainties)
m;; < 450 GeV 1.11 £0.04 £ 0.13 0.85 (0.84)
450 < m;7 < 550 GeV 1.17+£0.09 £ 0.14 1.00 (0.91)
550 < m;; < 800 GeV 1.60 + 0.24 £ 0.35 1.43 (1.37)
m; > 800 GeV 22+1.8+2.3 0.41 (0.40)
inclusive 1.250 £ 0.026 + 0.063 3.70 (3.20)

- No MC can describe the data
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Summary

- The top quark is interesting and unigue

+ Provides a laboratory for testing theory predictions
and performing high-precision measurements

- Window into BSM physics, possible future directions
- A significant part of ATLAS research programme
+ Lots of recent activity with interesting results

+ Modelling will improve, more data brings more
results
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— ATLAS MCFM NLO flxed order, u=m /2 =
180~ Is =8TeV,20.2fb" 7
170 —$ & * % - { + { { | —
u il _
C 1l e CT14 _
— = MMHT —
165 — » NNPDF3.0
_ | total uncertainty v HERAPDF 2. O _
160 — 1 statistical uncertainty ° ABM 11
— world-average direct reconstruction NNPDF nojet :
I I I I

Pole mass from ﬂxed order predlct|ons

Lepton P

Dilepton p”*  Dilepton m"

Dilepton p:+p:*_ Dilepton E°+E" Comb. (8 dist)

8 leV all-nadronic: = 6 jets,
event reconstruction with y2, measure

Result: 173.72 = 0.55 (stat.) =

Result: 172.08 = 0.39 (stat)
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> 2 b-tags,

R32 = Mjj / Mj

1.01 (syst.) GeV

8 1eV lepton+|ets: large uncertainties in JES reduced by simultaneously fitting (0)JSF, kinematic

ikelihood fit In BDT and select well-reconstructed events
+ 0.82 (syst) GeV
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ATLAS+CMS Preliminary My, SUMMary, {s =7-13 TeV September 2017
LHCtopWG
-------- World Comb. Mar 2014, [7] I ma— !

stat total stat

total uncertainty i Mygp T total (stat £ syst) ¥s  Ref.
ATLAS, l+jets (*) — ' | 172.31£1.55 (0.75 + 1.35) 7 TeV [1]
ATLAS, dilepton (*) e 173.09 + 1.63 (0.64 £ 1.50) 7 TeV [2]
CMS, l+jets I—I--I—I 173.49 £ 1.06 (0.43 £ 0.97) 7 TeV [3]
CMS, dilepton I {—o— i 172.50 + 1.52 (0.43 + 1.46) 7 TeV [4]
CMS, all jets [ — 173.49 £1.41 (0.69 £+ 1.23) 7 TeV [5]
LHC comb. (Sep 2013) LHCtopwa - 173.29 + 0.95 (0.35 + 0.88) 7 TeV [6]
World comb. (Mar 2014) I-H“H 173.34 £ 0.76 (0.36 + 0.67) 1.96-7 TeV [7]
ATLAS, l+jets [———1 172.33+1.27 (0.75 + 1.02) 7 TeV [8]
ATLAS, dilepton ——— 173.79 + 1.41 (0.54 + 1.30) 7 TeV 8]
ATLAS, all jets — — 1751+ 1.8(1.4+1.2) 7 TeV [9]
ATLAS, single top [ : —— 1722+ 2.1 (0.7+ 2.0) 8 TeV [10]
ATLAS, dilepton I—I--]—I 172.99 + 0.85 (0.41+ 0.74) 8 TeV [11]
ATLAS, all jets —=—— 173.72+1.15 (0.55 + 1.01) 8 TeV [12]
ATLAS, l+jets = : 172.08 £ 0.91 (0.38 £ 0.82) 8 TeV [13]
ATLAS comb. (ﬁ‘j;f;fl) 172.51 + 0.50 (0.27  0.42) 748 TeV [19]
CMS, l+jets 172.35+ 0.51 (0.16 + 0.48) 8 TeV [14]
CMS, dilepton —to— 172.82£1.23 (0.19 £ 1.22) 8 TeV [14]
CMS, all jets Het: 172.32 + 0.64 (0.25 + 0.59) 8 TeV [14]
CMS, single top e — 172.95 +1.22 (0.77 £ 0.95) 8 TeV [15]
CMS comb. (Sep 2015) oy 172.44 + 0.48 (0.13 *+ 0.47) 7+8 TeV [14]
CMS, l+jets i 172.25 + 0.63 (0.08 + 0.62) 13 TeV [16

[1] ATLAS-CONF-2013-046 [7] arXiv:1403.4427 [13] ATLAS-CONF-2017-071

(") Superseded by results
shown below the line

[2] ATLAS-CONF-2013-077
2(20
[4] Eur.Phys.J.C72 (2012) 2202

[5] Eur.Phys.J.C74 (2014) 2758
[6] ATLAS-CONF-2013-102 [12] arXiv:1702.07546

[8] Eur.Phys.J.C75 (2015) 330
12) 105 [9] Eur.Phys.J.C75 (2015) 158
[10] ATLAS-CONF-2014-055
[11] Phys.Lett.B761 (2016) 350

[14] Phys.Rev.D93 (2016) 0720
[15] EPJC 77 (2017) 354
[16] CMS-PAS-TOP-17-007
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ttVW and ttZ cross sections

- Motivation: sensitive to BSM physics (vector-like quarks, extra Higgs), precision test

of SM, top quark coupling to weak neutral current (ttZ)

- Link 1o paper, 3.2 fo-? @ 13 TeV (first at this energy)

- Analyses In 2x, 3%, 4X lepton channels

- Analysis strategy: define many regions by Niets
and Np-tags and lalbel them...

- Validation: check fake estimation (not in fit)
- Control: diboson normalisations (in fit)
- Signal: either ttW, ttZ

- FIt control and signal regions simultaneously
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Events

ttW and ttZ cross sections — control, validation, signal regions
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ttVV anda ttZ cross sections — fit results

Observed (expected) significance over bkg-only hypotheses:

ttW: 2.20 (1.00), ttZ: 3.90 (3.40)

w

N
N &

ttZ cross section [pb]
@)
'fT1“|-LIIII|III
R

9
MO
L
Q
Q
L

74

0.5

IIII|I,P'
4

- ATLAS
:— s=13TeV, 321"

XXX
0207 %% %%

—h
X3
SRX

o?.
XA
AL

Y 4
O
SRR
Y}
| |

%  ATLAS best fit
—— ATLAS 68% CL
------ ATLAS 95% CL
4 NLO prediction
&5 Z theory uncertainty
&5 ttW theory uncertainty

<

SP
RS
R
908
R
S

LK

(58

SR

%

038

03¢

03¢

&

X

&

X
%
%
&
&
%
S
o
X
038
X
038
S
%
%
o
%5
%
o
X
038
X
%
%
2
SN
o
o
X
%
S
o
X
%
%
*
&
%
o
(KXo »
&
3%
X
3
X

<&

/
%,
o
o
S
X
%
5

&%
&

*
3
R
3
o
038,
%
X
<8
5
s
&
&
53

%
o5
R
.

&%
0%
%

3
5
X
0%
XX

&

9

OIIII

0 0.5 1 1.5 2 2.5 3 3.5 4
ttW cross section [pb]

Link to paper

Adam Bozson <adam.bozson@cern.ch>

W/, //Z normalisation corrections

compatible with unity (WzZ=1.11+0.30,

77=0.94+0.17)

At 8 TeV with 20.3 fb-1, 5.00(4.20)
observed for ttW(ttZ)

This 13 TeV analysis Is statistically limited!

Uncertainty 0,77 (%) ow (%)
Luminosity 2.6 3.1
Reconstructed objects 8.3 9.3
Backgrounds from simulation 5.3 3.1
Fake leptons and charge misID 3.0 19
Signal modelling 2.3 4.2
Total systematic 11 22
Statistical 31 48
Total 32 33
30
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tt/t Interference

+ Link to letter, 36.1 fo-1 @ 13 TeV
- Final state: |+I-, b-jets, MET
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tW — more results
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tW — more results
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t/ — Neural network Inputs

Table 2
Variables used as input to the neural network, ordered by their separation power.
Variable Definition
In()| Absolute value of untagged jet n
pt() Untagged jet pr
m; Reconstructed top-quark mass
pr (") pt of the lepton from the W-boson decay
AR, Z) AR between the untagged jet and the Z boson
mr (£, EMISS) Transverse mass of W boson
pr(t) Reconstructed top-quark pr
pt(b) Tagged jet pr
p1(2) pt of the reconstructed Z boson
IneW)) Absolute value of n of the lepton coming from the W-boson
decay
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